Thick-walled steel pipes during their installation in deep water are subjected to combined loading of external pressure and bending, which may trigger structural instability due to excessive pipe ovalization. In the case of reeling installation method, prior to deep-water installation the pipe is subjected to cold forming associated with strong cyclic bending on the reel, resulting in the development of initial ovalitization and residual stresses, which may affect the pipe structural performance. Using advanced material models and finite element tools, the present study examines the effect of cyclic loading due to reeling on the mechanical behavior of thick-walled seamless steel pipes. In particular, it examines the effects of reeling on crosssectional ovalization and the corresponding material anisotropy and, most importantly, on pipe
INTRODUCTION
Pipe reeling is an efficient installation method suitable for steel pipes of diameter up to 16 inches [1] . The reeling method, shown in Fig. 1 , allows for controlled onshore girth welding of a long pipe segment, which is spooled onto a large diameter reel. The reeled pipe is loaded on a reeling vessel, in order to be transported, deployed and installed offshore. Once the offshore installation location is reached, the pipe is installed in deep water by unspooling as the vessel moves, with the configuration shown in Fig. 1 [1] . The repeated "excursions" of the pipe material into the plastic range during the reeling process ovalize the pipe cross section, causing permanent (residual) stresses, influencing the pipe material mechanical properties and affecting the structural performance of the reeled pipe.
In particular, the pipe experiences large strains when it is spooled onto the reel, often in the range of 2%, which requires that the pipe is mechanically straightened out before its installation. The five consecutive steps of reeling process are show in Fig. 1 and are discussed in a later section.
The effects of reeling-induced imperfections and their importance in terms of the structural strength and stability of the steel pipe have been studied by Brown et al. [2] , who examined the definition of the minimum reelable pipe thickness. Manouchehri et al. [3] reported the effect of the reeling installation method on the strength limit states. The interaction between residual stresses and fracture behavior of the pipe has been examined by Zhang et al. [4] , while Sriskandarajah and Rao [5] focused on the prediction of residual ovality due to reeling process.
Upon unreeling and straightening, the pipe is installed in deep-water, where buckling under external pressure constitutes a fundamental limit state for the design of offshore pipelines, and the corresponding failure is commonly mentioned as "collapse" [1] , associated with a flattened "dog-bone" shape of the pipe cross-section. Moreover, at the sagbend region ( Fig. 1 ) the pipe undergoes significant bending in the presence of high external pressure [6] , [7] , which accentuates ovalization of the pipe cross section resulting in pipeline collapse. Experimental and numerical studies on the collapse pressure of reeled offshore pipes have been reported in [8] , [9] , aimed at examining the effect of reeling-induced ovalization on pipeline performance in terms of external pressure resistance.
The effect of reeling-induced plastic deformations on pipe material properties has been investigated during the last decade. Martinez and Brown [10] examined the evolution of pipe properties during the reeling process. Bawood and Kenny [11] reported simulation results of the pipe mechanical response during reel-lay installation. In the work of Meiwes et al. [12] , [13] , small and large scale reeling tests are reported, simulating the reeling process and examining its influence on the mechanical properties of the pipe material. The effect of low temperatures on the reeling installation has been examined by Heier et al. [14] , whereas, the effect of geometric and material discontinuities at adjacent pipe segments on pipe mechanical behavior during reeling has been examined by Kyriakides and Liu [15] .
In the present study, motivated by the reeling process, the effect of cyclic bending on the mechanical response of thick-walled seamless pipes under combined loading conditions is examined using an efficient finite element model. The pipes under consideration are 12-inchdiameter seamless pipes with thickness ranging from 0.6 in to 0.937 in, which are typical for deep water applications. To describe steel material behavior, a cyclic-plasticity material model is employed, introduced by the authors elsewhere [16] . The model is based on von Mises plasticity and the nonlinear kinematic hardening rule, appropriately enhanced to account for the yield plateau at initial yielding and the Bauschinger effect. The constitutive model is numerically implemented and inserted within the finite element model using a material usersubroutine. The finite element analysis is based on a generalized two-dimensional model, capable of describing accurately the cross-sectional ovalization which is the major failure mode in the case of pressure and pressurized bending of relatively thick-walled pipes in a rigorous and accurate manner. A parametric analysis is also conducted with emphasis on the effects of cyclic bending due to reeling on the ultimate capacity of the pipe under external pressure and bending.
NUMERICAL MODELING

Finite element modeling description
A quasi two-dimensional model is developed in the general-purpose finite element program ABAQUS/Standard, which describes the cross-sectional deformation of the pipe under generalized plane-strain conditions. This allows for the simulation of pipe cyclic bending due to reeling, and the external pressure and bending application in a continuous multi-step analysis procedure. The present study focuses on relatively thick-walled steel pipes, which are expected to fail primarily due to cross sectional ovalization (collapse), so that localized buckling phenomena (pipe wall wrinkling) are not dominant. And Therefore, this two-dimensional analysis approach is adequate for the purpose of the present analysis. In the analysis a "half pipe" model is considered, accounting for symmetry with respect to the yz-plane (Fig. 2) and Page 5 of 36 bending is applied in about the x-direction of the pipe cross-section. An in-house user-defined material subroutine (UMAT) is used for the description of the material behavior under severe plastic loading conditions, presented in the subsequent section 2.2. The pipe is discretized using four-noded, reduced-integration generalized plane-strain continuum finite elements, denoted as CPEG4R in ABAQUS/Standard. In Fig. 2 the finite element model, the applied boundary conditions and the finite element mesh are depicted; five elements are employed through pipe thickness. Cyclic bending loading is applied first in five consecutive steps, followed by the application of external pressure and bending in subsequent analysis steps. 
Constitutive modeling
An accurate simulation of material behavior under reverse (cyclic) loading conditions is of major importance for the accurate modeling of the reeling process and the reliable prediction of pipe capacity. During cyclic bending due to reeling/unreeling, the material behavior is characterized by two main features: (a) the yield plateau of the steel stress-strain curve upon initial yielding, (b) the Bauschinger effect under reverse plastic loading. Both features need to be taken into account in the constitutive model.
M A
In the present study, the elastic-plastic behavior of the steel pipe material is described through a Von Mises plasticity model with nonlinear kinematic hardening initially introduced as reported in [16] . The Von Mises yield surface is given by the following equation:
where s is the deviatoric stress tensor, a is the "back stress" tensor and k is the size of the yield surface. The value of k is a function of the equivalent plastic strain q ε representing material hardening, so that ( )
The evolution of the back stress tensor is given by the following expression:
where , C γ are nonlinear kinematic hardening parameters, calibrated from appropriate material testing results.
To represent the aforementioned main two features of steel material response more accurately, certain amendments to the original form of the constitutive model proposed in [17] are required. Herein, a modification of the model is adopted, based on the proposal of Ucak and Tsopelas [18] , defining a "critical strain level" at the end of the plastic plateau qcr ε , and adjusting the hardening parameter C so that it represents either the plastic plateau or the Bauschinger effect. More details of the constitutive model are offered in [16] . The above material model has been implemented through a user-subroutine (UMAT) in ABAQUS/Standard, using an "elastic predictor -plastic corrector" (Euler-backward) numerical integration scheme [16] .
The material model is calibrated through a uniaxial stress-strain curve shown in Fig. 3 . The yield stress of steel material Y σ is equal to 498 MPa (72 ksi). A similar curve has been reported in [19] for an X-70 grade steel. 
NUMERICAL RESULTS FOR CYCLIC BENDING PROCESS
During the reeling procedure the pipe is subjected to spooling, unspooling and straightening, which induce bending strains ( B ε ) well into the plastic range of the steel material. In Fig. 4 the reeling process is schematically described in terms of the corresponding moment-curvature diagram; the following steps can be identified:
Step 1 (0→1): The pipe is plastically bent up to curvature 1 k , corresponding to maximum strain of approximately 2%, corresponding to spooling of the pipe onto the reel at the initial stage.
Step 2 (1→2): The pipe undergoes unspooling and straightening, so that its curvature becomes zero ( 2 k =0).
Step 3 (2→3): The pipe is subjected to bending up to curvature 3 k in the initial bending direction as it passes over the ramp.
Step 4 (3→4): The pipe is straightened again and bent reversely to curvature ( 4 k ). The maximum reverse bending curvature is carefully selected to result in straight configuration when bending loading is released (see next step).
Step 5 (4→5): The pipe is unloaded reaching a straight configuration, corresponding to zero moment curvature ( 5 0 M = and 5 0 k = ). Three different cyclic load cases are considered. In the first case (case 1), during the first step, a value of curvature is applied corresponding to a local tensile longitudinal strain equal to 2% on the pipe wall at point A located on the outer surface of the pipe extrados (see Fig. 2 ).
The same curvature is applied during the third step ( 3 1 k k = ). In the second case (case 2), the initially applied curvature 1 k corresponds to a strain equal to 1% at point A, and curvature 3 k is equal to 1 k . In the third case (case 3), curvature 1 k corresponds to tensile longitudinal strain equal to 2% strain, while curvature 3 k corresponds to 1.6% local strain at point A.
The three load cases are applied on pipe II to examine the effect of cyclic bending amplitude on pipe material and ovalization. In the first case, during the first step, the value of curvature is equal to respectively) and the stress-strain path in the axial direction, at the tension side of pipe outer surface. 
The material behavior is considered initially isotropic, which is a reasonable assumption based on previous observations in seamless steel pipes. Nevertheless, due to cyclic plastic loading, the mechanical properties of the virgin material are influenced and material anisotropy is induced, which can be an important factor for the mechanical behavior and the ultimate capacity of offshore pipes under external pressure. In practice, steel material anisotropy at the end of the reeling process can be evaluated by extracting strip specimens from the pipe at critical locations (intrados or extrados) in the longitudinal and hoop direction. Subsequently, the strip specimens are subjected to uniaxial tension, in the longitudinal direction and compression in the circumferential (hoop) direction, and the corresponding stress-strain curves in each direction are obtained. It is noted that the compressive material behavior should be examined in the hoop direction, because it is related to the pipeline buckling resistance against external pressure.
A numerical simulation of the above procedure is conducted in the present study. More specifically, a specific integration point is selected at a critical location (e.g. point A at the extrados). Throughout the simulation of cyclic bending, all material state parameters (stresses, 
where Yx σ is the tensile yield stress in the pipe axial direction and Yθ σ is the compressive circumferential yield stress of pipe material. 
where 1 D and 2 D are the maximum and minimum outer pipe diameter respectively. In the present study, initial ovalization denoted as 0 ∆ is the ovalization after the manufacturing process (''as received'' pipe), while the ovalization 0a ∆ is the residual ovalization after reeling.
The latter constitutes an initial geometric imperfection for the reeled pipe, which can affect the ultimate capacity under external pressure during deep water installation, causing premature collapse and will be examined in the next section. In Fig. 19 , Fig. 20 and Fig. 21 Furthermore, the effect of the D t value on the value of residual ovalization is examined.
The three pipes under consideration are subjected to cyclic loading with corresponding local tensile longitudinal strain equal to 2% and the ovalization throughout the analysis is recorded.
The residual ovalization 0a ∆ is computed equal to 0.83 % for pipe III, which is significantly different compared to the value of 0.26 % for pipe I, and indicates that the residual ovalization increases with increasing the value of the D t ratio. The residual ovalization values are well below 1.5%, which is a maximum value imposed by DNV-OS-F101 [22] . Note that the ovalization measure ∆ defined in eq. (4) is half the one defined by the DNV rules [22] . 
During deep offshore installation, which follows reeling and unreeling, the pipe experiences a combination of external pressure and bending loading. The purpose of the present analysis is to quantify the effect of the cyclic bending process on the mechanical response and the ultimate capacity of the pipe, subjected to (a) external pressure, and (b) pressurized bending conditions.
Mechanical behavior under external pressure
The three cases of Table 1 are considered, using the finite element model described in section 2. The numerical simulation consists of sequence of six loading steps. The first five steps correspond to the two bending cycles of reeling (as described in the previous section), followed by a step where external pressure is applied using a Riks continuation algorithm, capable of describing efficiently bucking and post-buckling behavior.
In 
Effect of reeling on pressurized bending capacity
During deep-water pipeline installation, at the "sagbend" region ( Fig. 1) , the pipe is subjected to bending in the presence of high external pressure, which constitutes an important stage of offshore pipeline design [1] . Bending introduces cross-sectional ovalization, which is accentuated by the presence of external pressure, resulting in premature collapse of the pipe [6] , [7] .
To analyze this interaction, an appropriate loading pattern is considered in the finite element model, through an appropriate sequence of loading steps: cyclic loading is applied first in five consecutive steps, as described above; subsequently uniform external pressure is raised up to a certain level and, finally, keeping the external pressure constant, a final bending step is applied until a limit (maximum) max M moment is reached, using Riks continuation algorithm.
The value of bending curvature max k corresponding to the maximum bending moment max M during the final loading step is referred to as "critical curvature", and is an important parameter for offshore pipe design [1] . In the case of thick-walled pipes, which are candidates for deep-water applications, bending response is governed by limit moment instability due to Table 1 , pressurized bending is considered, with the loading sequence described above and the results are depicted in Fig. 26 , in the form of pressure-curvature interaction diagrams. For the purpose of consistency with the physical problem shown in Fig. 1, bending load is applied about the x-axis, but in the opposite direction to the one during reeling (i.e.
opposite to the one shown by the moment vector in Fig. 2 ). Fig. 27 shows the momentcurvature diagrams in the presence of external pressure equal to 20% of nominal yield pressure y P , for the three cyclic loading cases. On each diagram, the location corresponding to maximum bending moment is denoted with arrow (↓) or (↑). The results show that the pipes reeled with load cases 1 and 3 have a similar bending capacity, whereas the pipe subjected to cyclic bending of case 2 exhibits slightly higher bending capacity. This result is attributed to the fact that in case 2 the pipe is subjected to maximum tensile strain of only 1%, which induces less plastic deformation and smaller cross-sectional ovalization than the other two cyclic loading cases.
To analyze further the effect of cyclic loading on pressurized bending capacity, comparison between reeled and unreeled pipes is performed. A pipe with material and geometric (thickness, diameter) properties similar to pipe II ( value, and therefore, its cross-section is stiffer and less susceptible to structural instability due to ovalization. Therefore, it has higher bending capacity than the other two pipes. Fig. 32 shows the corresponding moment-curvature diagrams in the presence of external pressure at 10% of the yield pressure. For this low pressure level, small differences on the value of max k are observed.
Furthermore, comparison of the present results is conducted with an empirical interaction formula, introduced by Murphey and Langner [20] and referred to as "Shell equation", also adopted by the API specification [21] , and widely used in offshore pipeline design. The equation assumes a linear interaction between the level of pressure P and the bending curvature max κ , as follows:
In eq. (5), 
where the plastic pressure P P and the elastic buckling pressure e P are defined as follows:
and
The comparison is shown in Fig. 33 to Fig. 35 for pipes I, II and III. In eq. (5), the ovalization ∆ is considered equal with the residual ovalization 0a ∆ after the reeling process.
The comparison for all three pipes shows that for high values of pressure the empirical equation provides good, yet somewhat conservative estimates for the bending curvature, while
for low values of pressure the empirical equation overestimates the bending deformation capacity. This is attributed to the fact that this empirical equation does not take into account the residual stresses induced by cyclic bending, which is a dominant factor for bending response under low values of external pressure. D=12.75in, X70 P/P y =0.1 
CONCLUSIONS
Motivated by the reeling installation method, the effect of initial cyclic bending loading on the material properties of thick-walled steels seamless pipes with / D t values between 13.59 and 21.25 are examined using finite element simulation tools. In addition, the effects of cyclic bending on the mechanical behavior of those pipes subjected to external pressure and bending are investigated. A quasi-two dimensional numerical approach has been developed, adopting an advanced constitutive material model, introduced by the authors elsewhere, capable of describing the main features of elastic-plastic material behavior, and implemented within the finite element model through a material-user subroutine. In the first part of the paper, pipe cyclic bending conditions are simulated for three characteristic cases, representing the reeling process. Subsequently, a parametric analysis is conducted, focusing on the effects of cyclic bending due to reeling on the ultimate capacity of the pipe, under external pressure and pressurized bending loading conditions. The numerical results show that a seamless pipe, which is considered initially isotropic, exhibits material anisotropy features when subjected to cyclic plastic bending. Furthermore, cross-sectional ovalization at the end of the cyclic bending process is a decisive parameter for the external pressure capacity of the pipe. Higher values of bending strain (curvature), induced by the cyclic bending process, result in increased pipe ovalization and, consequently, in reduced external pressure capacity. In addition, pressure-curvature interaction diagrams have been developed for three cyclic bending cases, showing that higher values of cyclic-bending strain reduces the capacity of pipe in resisting the deep-water installation loads.
The behavior of "reeled" pipes (with maximum local strain B ε equal to 2%) and "unreeled"
pipes is compared. Reeled pipes have very similar external pressure capacity with unreeled pipes having initial ovalization equal to the residual ovalization of reeled pipes. They also have similar bending capacity under high external pressure levels. However, at low values of external pressure they behave differently; reeled pipes are capable of reaching higher bending moment values than unreeled pipes, but the corresponding curvature capacity of reeled pipes is lower.
The effect of the / D t value on pressure and bending capacity of reeled pipes is also examined,
showing that severe cyclic bending (tensile strain B ε equal to 2%) has a more pronounced effect on pressure and bending capacity in pipes with higher / D t ratio.
Furthermore, the numerical results are compared with an empirical equation, widely used in pipeline design, indicating an over-prediction of bending deformation capacity for low values of external pressure. Finally, the values of residual ovalization induced by cyclic bending are well below the threshold ovalization value imposed by the relevant DNV pipeline standard.
